Abstract: Radiation-induced lung fibrosis (RILF) is a severe side effect of radiotherapy in lung cancer patients that presents as a progressive pulmonary injury combined with chronic inflammation and exaggerated organ repair. RILF is a major barrier to improving the cure rate and well-being of lung cancer patients because it limits the radiation dose that is required to effectively kill tumor cells and diminishes normal lung function. Although the exact mechanism is unclear, accumulating evidence suggests that various cells, cytokines and regulatory molecules are involved in the tissue reorganization and immune response modulation that occur in RILF. In this review, we will summarize the general symptoms, diagnostics, and current understanding of the cells and molecular factors that are linked to the signaling networks implicated in RILF. Potential approaches for the treatment of RILF will also be discussed. Elucidating the key molecular mediators that initiate and control the extent of RILF in response to therapeutic radiation may reveal additional targets for RILF treatment to significantly improve the efficacy of radiotherapy for lung cancer patients.
INTRODUCTION
Radiation therapy is an essential treatment modality for multiple thoracic malignancies and is a standard treatment for patients with non-small cell lung cancer (NSCLC). However, the efficacy of lung cancer radiotherapy can be severely compromised by the side effects of radiation-induced lung damage, such as pneumonitis and lung fibrosis, which are generally designated as radiation-induced lung fibrosis (RILF) [1] . The most radiosensitive subunit of the lung is the alveolar/capillary complex [2] . Replacement of normal lung parenchyma with fibrotic tissue is a culminating event and is refractory to treatment. Pulmonary fibrosis typically develops between 6 and 24 months post-irradiation and stabilizes after 2 years [3, 4] . There are many factors that influence the time to onset and the severity of radiation-associated pneumonitis, including the volume of the irradiated parenchyma [5, 6] , the absorbed radiation dose [2, 7] , the number of fractions into which the absorbed dose is divided [8] , the size of the individual dose per fraction, the radiation dose rate (the radiotherapy output device), and the adjuvant use of chemotherapy [1, 9, 10] . Patient-related factors, such as preexisting lung disease [11] , poor pulmonary function [11, 12] , age [13] and unidentified genetic predispositions [14] , also affect the outcome. The clinical data on RILF treatment have not been optimistic. Elucidating the detailed pathology of and obtaining mechanistic insights into RILF is urgently needed for the development of pharmacological and biological therapeutics to treat or mitigate this disease. In this review, we summarize the current understanding of the *Address correspondence to these authors at the Center for Molecular Medicine, Xiangya Hospital, Central South University, Changsha, Hunan 410078, China; Tel: +86-731-84327646; Fax: +86-731-84327212; Emails: lunquansun@csu.edu.cn and jian-jian.li@ucdmc.ucdavis.edu factors related to and the potential treatments for RILF and anticipate that novel potential therapeutic approaches will be discovered that significantly reduce and/or eliminate RILF in lung cancer radiotherapy.
DEFINITION OF RILF
Radiation pneumonitis and RILF are assessed according to the RTOG/EORTC criteria and are classified from grade 0 to grade 5, depending on the clinical manifestations of dry cough, dyspnea and severe respiratory insufficiency [15] . RILF is usually a later complication of lung injury, and it can cause dyspnea, affect the long-term quality of life and result in fatal respiratory insufficiency [16, 17] . RILF is characterized by the accumulation of fibroblasts, myofibroblasts, inflammatory cells and extracellular matrix proteins, such as collagen, with the subsequent formation of a scar, which eventually result in impaired lung function [18, 19] . Because there are numerous contributing factors and various diagnostic settings for RILF, the reported incidence in patients who have received radiotherapy varies significantly, from 1% to 43% [20] [21] [22] [23] [24] [25] .
PREDICTING AND DETECTING RILF

Medical Imaging
An early diagnosis of RILF is critical for preventing and treating RILF. Detecting radiation pneumonitis associated with early responses (2-4 weeks post-irradiation) may provide an opportunity to adjust the treatment strategy before the onset of acute pneumonitis and/or irreversible fibrosis. Currently, several methods are utilized to predict and detect RILF in clinical or research settings, including measuring serum factors, screening the genetic background and medical imaging. Most of the methodologies involving serum factors and genetic information remain in the research stage. In the clinic, medical imaging, which is rapidly growing, has been the preferred method for diagnosing RILF. Although X-rays and CT scans have been widely utilized for lung imaging, it is generally desirable to use a radiation-free imaging system for the lungs, particularly in patients with pulmonary fibrosis. With the recent progress in MRI imaging of the lungs, this tool has become superior to CT in patients who are at risk if they are exposed to extra doses of ionizing radiation. Thind KT et al. demonstrated the feasibility of hyperpolarized 13C metabolic MR spectroscopy and imaging to detect early RILF [26] . Micro-computed tomography (micro-CT) can detect radiation-induced lung injuries a few months after irradiation and can be utilized for the early detection and assessment of RILF-associated structural and histopathological changes in mice [27] .
Factors Detected in Serum, Lung Tissue and Bronchial Lavage(BAL) Fluid
In mice, serum factors, such as colony-stimulating factor (G-CSF), interleukin-6 (IL-6), and keratinocyte-derived chemokines (KCs), have been explored as potential surrogate markers to predict and detect RILF because the serum and tissue levels of these cytokines are positively correlated [28] . The current risk predictors comprise a variety of proinflammatory and profibrotic cytokines and molecules, including TGF 1, that have been implicated in the development and persistence of radiation-induced lung injury [29] . However, individual cytokines and dosimetric parameters are poor independent predictors of RILF, whereas the combination of IL-8 and TGF-ß1 levels and the mean lung irradiation dose had an improved predictive ability compared with a single variable [23] . Cytokines can also be detected in BAL fluid and lung tissue lysates. The detectable cytokines in BAL fluid are much less than that in lung tissue lysates or serum. Due to the poor correlation in cytokine levels among lung tissues, serum and BAL, the predictive value of the cytokines in BAL is yet to be defined. The inability to detect other cytokines may be due to the detection limits of the assay in addition to un-optimized assay conditions [28] .
Genomic Markers
The susceptibility to RILF is thought to be associated with genetic background because data has indicated that RILF is a heritable trait in mice. A genome-wide single nucleotide polymorphism (SNP) association study of an inbred mouse strain with prior linkage and gene expression data identified 10 loci that were significantly associated with radiation-induced lung injury; these loci included Cadm1, Slamf6 and Cdkn1a [30] . A region of chromosome 17 may harbor a "universal" lung injury gene [31] . Gene expression profiling has been used to distinguish radiation-induced fibrosing alveolitis from alveolitis in mice. To define the gene expression profiles and to identify pathways that influence the alveolitis and fibrosis phenotypes, microarray expression profiling was performed on A/J (late alveolitis response), C3H/HeJ (C3H, early alveolitis response) and C57BL/6J (B6, fibrosis response) mice. The pathway analysis revealed that the expression of complement and B-cell proliferation and activation genes differed between A/J and C3H mice, thereby distinguishing fibrosis from the alveolitis response and cytokine signaling [32] .
SPECIFIC CELLS INVOLVED IN THE DEVEL-OPMENT OF RILF
The pathological mechanisms of RILF are complex and involve numerous cell types (Fig. 1) . Thorax irradiation causes delayed damage to resident lung cells and typically leads to the apoptosis of primarily bronchiolar epithelial cells and a loss of barrier function. Myofibroblasts, which produce collagens (especially types I and III), fibronectins and other matrix molecules, have been suggested to play a central role in the pathogenesis of pulmonary fibrosis [33] [34] [35] . Their origin has become the subject of intense investigation [36] . Although myofibroblasts were believed to derive primarily from resident fibroblasts, recent studies have demonstrated that myofibroblasts can originate from circulating fibroblastlike cells called fibrocytes, which are derived from bone marrow stem cells [37] . Epperly and colleagues demonstrated that marrow-derived cells constituted 20-50% of the cells in fibrotic areas during irradiation-induced fibrosis by transplanting green fluorescent protein-positive bone marrow into wild-type mice [38] . More recent studies have indicated that injured epithelial cells may be a source of myofibroblasts in a process termed epithelial/endothelialmesenchymal transition (EMT/EndMT) [39] [40] [41] . EMT is the process by which fully differentiated epithelial cells undergo a phenotypic transition into migratory mesenchymal cells, often fibroblasts and myofibroblasts [19, [42] [43] [44] . It is well established that EMT plays a central role during tumor development and progression. Epiblasts undergo EMT early in development to form the primary mesenchyme. Secondary epithelia are created via mesenchymal-epithelial transitions (MET). These secondary epithelia then differentiate to form fully differentiated adult epithelia or undergo a second round of EMT to form a variety of mesenchymal and connective tissue cells, such as adipocytes, chondrocytes, osteoblasts, myocytes, and fibroblasts [40] . In response to inflammatory stress, more than 30% of the myofibroblasts can arise via EMT, whereas resident fibroblasts contribute only 23% of the myofibroblasts in the kidney [45] [46] [47] . Alveolar type II epithelial cells (AE2) from patients with idiopathic pulmonary fibrosis (IPF) expressed high levels of EMT-associated protein markers, suggesting that AE2 cells had acquired a mesenchymal phenotype [48, 49] . Using genetically modified mice in which AE2 cell fate can be tracked, Kim et al. found that AE2 cells were the progenitors for mesenchymal cells and contributed significantly to the pool of expanded fibroblasts after lung injury [48] . Tanjore et al. reported that approximately one-third of lung fibroblasts were derived from the lung epithelium in a bleomycin-induced lung fibrosis model [50] . After lung injury, increased proliferation/hyperplasia of AE2 cells has frequently been observed [51, 52] , which can give rise to alveolar type I epithelial cells to reestablish a functional alveolar epithelium [53] . Recently, it has been proposed that fibroblasts may originate from various sources, such as bone marrow stem cells, resident mesenchymal cells and epithelial cells [33] . Additional studies of each cell population may provide new information on RILF and identify potential therapeutics to reduce the side effects of lung cancer radiotherapy. Macrophages with distinct functions can be divided into two subsets [54] [55] [56] : classically activated macrophages (M1 macrophages) that are activated by Toll-like receptor ligands and express pro-inflammatory cytokines and inducible nitric oxide synthase (iNOS), and alternatively activated macrophages (M2 macrophages) that are stimulated by IL-4 or IL-13, secrete anti-inflammatory cytokines, and express arginase 1 (Arg-1). The classical and alternative mechanisms of activating macrophages have been proposed to play a role in radiation-induced pneumonitis and fibrosis, respectively. Studies have demonstrated that iNOS expression increased during the pneumonic stage, whereas Arg-1 expression increased during the fibrotic phase [57] . Macrophage stimulation via IL-4R leads to alternative activation and a positive contribution to the Th2-driven allergic inflammatory response in the lung [58] . M2 macrophages produce growth factors, including TGF-1 and PDGF, that stimulate epithelial cells and fibroblasts. TGF-1 is also produced by lymphocytes [59] . Interestingly, irradiation triggers the formation of lipid-loaded macrophages and endothelial cells, which may imply a more general disturbance of lipid metabolism in the irradiated lung [60, 61] . Although the actions of macrophages may not account for the entirety of radiation-induced pulmonary injury, they play an important regulatory role during this process [62] .
Thorax irradiation not only affects the macrophages in the lung tissue but also triggers the recruitment of various immune cells into the lung, including monocytic cells, neutrophils, basophils and lymphocytes [60] . The recruitment of immune cells is associated with characteristic changes in local and systemic cytokine and chemokine expression. Additional studies are necessary to define how the various cells interact and are coordinated during irradiation-induce pulmonary injury.
CYTOKINES AND RELATED FACTORS IN THE DEVELOPMENT OF RILF
TGF-
TGF-, which is activated at sites of injury after radiation, plays a critical role in pathological processes. TGF-is produced by numerous inflammatory, mesenchymal and epithelial cells [63, 64] and converts fibroblasts and other cell types into matrix-producing myofibroblasts [34] . TGFhas a multitude of functions, such as controlling the breakdown of connective tissue, inhibiting epithelial cell proliferation, and contributing to the structural changes that occur during airway remodeling in response to asthmatic inflammation by inducing the synthesis of extracellular matrix proteins, such as collagens, and matrix-modifying enzymes, such as matrix metalloproteinases (MMPs). The principal function of TGF-in the immune system is to inhibit the proliferation and activation of lymphocytes and other leukocytes. Studies have demonstrated that the irradiation of bronchi and alveoli weakly activated TGF-1 on day 1 and strongly activated it on day 14 post-irradiation. This indicated that particular bronchial and alveolar cells may participate in the complex process of radiation-induced lung fibrosis by acting as cellular sources of active TGF- [65] . It has been suggested that the irradiation-induced activation of TGF-1 is rapid [66] [67] [68] . Prolonged exposure to TGF-1 (4-6 days) is a powerful stimulus that initiates and maintains EMT in various biological systems and pathophysiological contexts by activating major signaling pathways and transcriptional regulators that are integrated into extensive signaling networks [41, 69, 70] . [71] . Zhao et al. demonstrated that the expression of vimentin and -smooth muscle actin ( -SMA) significantly increased after radiation [72] , and these molecules are typically used to define the mesenchymal phenotype [73] . -SMA is released in response to myofibroblast activation and confers strong contractile properties [74] . E-cadherin, present in the plasma membrane of normal epithelial cells, is a calcium-dependent adhesion molecule that plays a significant role in maintaining cellular polarity and morphological structure [75] . The loss of Ecadherin disrupts cell-cell junctions and affects the structural integrity of cells [76] . Snail is a critical transcriptional regulator of E-cadherin that allows epithelial cells to adopt a fibroblast-like phenotype and acquire mesenchymal properties [77] . Collagen-degrading matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) are involved in remodeling the extracellular matrix. MMP-2 and MMP-9 are overexpressed during the inflammatory response to radiation-induced lung injury and degrade collagen IV in the basement membrane [78] . MMP13-deficient mice developed less pulmonary fibrosis than their wild-type counterparts [79] . These data indicate that ECM remodeling is necessary in RILF.
ECM
Extracellular matrix (ECM) provides physical support to tissues, anchorage sites for cells and a medium for diffusible signaling molecules, such as the enzymes that regulate ECM synthesis and breakdown. ECM is also a major cytokine reservoir and therefore has pleiotropic effects
NF-B Network
NF-B is an active transcription factor in the radiationinduced adaptive response [80] . A cluster of NF-Bregulated cytokines, including TNF-, is induced by radiation and contributes to cell sensitivity to radiation [81, 82] . TNF-, originally described as a cytokine produced by activated T-cells and macrophages, activates NF-B via receptor activation [83, 84] and regulates the expression of numerous immune and inflammatory response genes [85, 86] . Protein kinase cascades activated by TNF-phosphorylate and activate I B kinases and c-jun N-terminal kinase (JNK), both of which are involved in the NF-B-mediated radiation response [87] [88] [89] . Studies of 344 female Fischer rats that were irradiated on the right hemithorax with a fractionated dose of 40 Gy (8 Gy x 5 days) exhibited activated HIF1-as early as 4 weeks post-irradiation, which paralleled enhanced oxidative stress, tissue hypoxia, macrophage accumulation and NF-B activity, indicating that the NF-B and HIF-1 pathways cooperate during irradiation-induced lung injury and fibrosis [90] . Androgen deprivation by castration significantly augmented RT-induced inflammation involving NF-B activation and COX-2 expression [91] . Therefore, inhibiting NF-B signaling networks, especially key cytokines that are upregulated by radiation-induced NF-B activation, is a potential therapeutic approach for decreasing RILF.
M-CSF and MCP-1
Recent studies have determined that a poorly balanced immune response is a characteristic feature of progressive lung fibrosis in humans. Increased levels of macrophage colony-stimulating factor (M-CSF) and macrophage chemoattractant protein-1 (MCP-1) were observed at days 3 and 21 post-irradiation, respectively [60] . M-CSF is a key regulator of the proliferation, survival and differentiation of monocytes/macrophages, whereas MCP-1 is involved in attracting monocytes, granulocytes and lymphocytes. Both chemokines may promote the influx of immune cells, particularly macrophages, into irradiated lungs. The levels of macrophage inflammatory protein MIP-1 and MIP-2 also increased post-irradiation. Both of these proteins participate in the activation of granulocytes and in the synthesis of proinflammatory cytokines and therefore might foster inflammation-associated lung damage. Cytokines such as MCP-1 and MIPs have therefore been suggested to be profibrotic factors [92] .
Inflammatory Factors
The levels of several cytokines involved in the recruitment, proliferation and/or activation of CD4+ T cells, particularly TH17 cells, increased post-irradiation [60] . During an immune response, naive CD4+ T helper (Th) cells can differentiate into at least two functional subsets: Th1 cells, which secrete Th1 cytokines, such as INF-, TNF-, IL-2, IL-12, and Th2 cells, which secrete Th2 cytokines, such as IL-4, IL-5, IL-6, IL-10 and IL-13 [93] . Th1 and Th2 cytokines are crucial to Th1 and Th2 immune reactions, both of which promote the proliferation and differentiation of their respective T cell subsets and inhibit the proliferation and differentiation of the opposing subset [94] . Th2 cytokines have been implicated in asthma, and evidence is accumulating that type 2 immune responses promote the development of pulmonary fibrosis. In mice, Th2 immune responseassociated factors (GATA-3, IL-13 and Arg-1) increased after lung irradiation-induced Th2 polarization [95] . Although the exact molecular mechanism leading to fibrosis is unknown, evidence from preclinical models strongly suggests a critical role for Th2-specific signaling in this disease [19, 96] .
ROS
Radiation interacts with water molecules in biological systems to produce various reactive oxygen species (ROS), including superoxide (O 2-), hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (·OH), which can cause cell damage and cell death [97] . Approximately 60-70% of ionizing radia-tion-induced cell injury is caused by hydroxyl radicals (·OH) [98, 99] . After irradiation, the increased production of ROS has been linked to parenchymal cell toxicity and to the initiation of a molecular cascade that alters the cytokine milieu in the microenvironment, leading to lipid peroxidation, DNA and protein oxidation, and the activation of proinflammatory factors both in vitro and in vivo [2, 98, 100, 101] . The lipid peroxidation products stimulate fibrogenic cytokines that act as chemoattractants, mitogens and differentiation inducers for smooth muscle cells in the vessel wall [102] . As such, a complex and multi-level expression network of pro-and anti-inflammatory cytokines, proteases and anti-proteases, and oxidants and antioxidants exists within the lung microenvironment after irradiation. This interactive network governs tissue regeneration, and disrupting this network balance can lead to pulmonary injury.
ADDITIONAL SIGNALING PATHWAYS IN-VOLVED IN RILF
Phenotypic changes in various cell populations in the lung and alterations in gene expression triggered by radiation are controlled by multiple regulatory mechanisms and signaling pathways (Fig. 2) . Among them, TGF-/Smad signaling is critical and promotes many facets of pulmonary fibrosis, such as ROS generation, myofibroblast and fibrocyte activation and the synthesis of extracellular matrix components. In epithelial cells, the stimulation of TGF-leads to the induction of Smad proteins, which are transcription factors that also activate other transcription factors, including Slug, Snail, Scatter, lymphoid enhancing factor-1, and -catenin [103] . Recently, FoxM1 was found to bind to and increase the activity of the Snail1 gene promoter [104] . These tran- Fig. (2) . Signaling pathways in RILF. Irradiation induces TGF-expression. Ligand binding to TGF-activates type II TGF-receptor serine/threonine kinases. TGF-stimulation results in the induction of Smad proteins, which are transcription factors that also induce other transcription factors, including Slug, Snail, Scatter, lymphoid enhancing factor-1, and -catenin. FoxM1 binds to and increases the promoter activity of the Snail1 gene. NRF2 binding to a Smad Binding Element (SBE) suppresses TGF-target gene expression. TGF-1 also activates non-Smad-mediated signaling pathways, which are associated with occludin at tight junctions, to phosphorylate Par6. Phosphorylated Par6 recruits Smurf1, resulting in the ubiquitination and degradation of RhoA, which is responsible for stress fiber formation and the maintenance of apical-basal polarity and junctional stability. Radiation activates the MEK/ERK signaling pathway by increasing ROS generation. Activated ERK1/2 phosphorylates GSK3 , resulting in its inactivation and leading to the disassociation of GSK3 and Snail. Unbound Snail then migrates to the nucleus and represses E-cadherin, leading to a mesenchymal-like phenotypic change. scription factors result in the expression of the "EMT proteome", which includes the cellular machinery necessary for the functional disassembly and rearrangement of the cytoskeleton and for cellular motility [41] . The majority of Smad-dependent target genes are controlled by Smad3 [105] , which partners with Smad4 upon activation by TGF-receptor serine/threonine kinases and translocates to the nucleus where Smad complexes control target gene transcription by interacting with specific binding motifs in the gene regulatory regions [106] . In Smad3-deficient mice, irradiationinduced dermal fibrosis and renal interstitial fibrosis induced by unilateral ureteral obstruction were both reduced, suggesting an important role for Smads in the TGF-signaling pathway [33, 107] . The transcription factor NRF2 controls antioxidant gene expression, regulates the cellular oxidant burden and represses TGF-/Smad-mediated signaling. NRF2 binding to a Smad Binding Element (SBE) in the proximal promoter of the target gene PAI-1 (a TGF-/Smadresponsive profibrotic gene) suppresses TGF-target gene expression [108, 109] .
TGF-1 also activates non-Smad-mediated cellular signaling pathways, the most important of which involves Rho kinase, which directly activates the cellular machinery necessary for cytoskeletal rearrangement, basement membrane detachment, and E-cadherin down-regulation [110] . Ligand binding to TGF-enables type II TGF-receptor kinase, which is associated with occludin at tight junctions, to phosphorylate Par6 [111] . Par6 is a key component of epithelial polarity complexes that regulate the assembly of tight junctions [112] . This direct protein-protein interaction is independent of Smad proteins. Par6 phosphorylation allows for the recruitment of Smurf1, leading to the ubiquitination and degradation of RhoA, a small GTPase responsible for stress fiber formation and the maintenance of apical-basal polarity and junctional stability [113] . Recently, the modulation of the Rho/ROCK and Smad pathways using Y-27632 (a Rho/ROCK inhibitor) or statins was found to decrease or delay cardiac and pulmonary radiation injury and bleomycininduced pulmonary fibrosis [114] .
Cross-talk between classical TGF-pathways and signaling molecules such as Rho, Ras, extracellular signal-related kinase (ERK), p38 mitogen-activated protein kinase (MAPK), Notch, Wnts, nuclear factor-B, and PI3K has been demonstrated to affect the extent and reversibility of EMT [41] . Radiation activates the MEK/ERK signaling pathway by increasing ROS generation. Activated ERK1/2 phosphorylates and inactivates GSK3 , leading to the disassociation of GSK3 and Snail. Unbound Snail then migrates to the nucleus and represses E-cadherin, eventually leading to a mesenchymal-like phenotypic alteration of RLE-6TN cells [72] . NF-B is predominantly activated by exposure to ionizing radiation and plays an important role in the radiationinduced cellular response [80] . Exposure to radiation for more than 6 months causes a sustained elevation in the DNA binding activity of NF-B. The NF-B DNA binding complexes switch from p50-p65 heterodimers in normal lung tissue to p50 homodimers in irradiated lung tissue [115] . Therefore, the unique signal pathways and associated molecules may provide opportunities for targeted intervention in radiation-induced lung injury.
POTENTIAL TARGETS AND TREATMENTS FOR RILF
The significant clinical need for RILF treatments has prompted intense research and development activities both in pharmaceutical companies and academic institutions [25] . The current approaches to the disease have focused on several aspects of the current understanding of the molecular pathology of RILF ( Table 1) .
Cytokines and Growth Factors
The activation of the TGF-/Smad signal transduction pathway is a critical step in the development of fibrosis and has therefore been explored as a potential intervention point. A small molecule inhibitor of TGF-RI, SM16, reduced the extent of radiation-induced lung injury in a rat model [116] . LY2109761 (a small molecule inhibitor of TGF-receptor I serine/threonine kinase), which reduces p-Smad2 and pSmad1 expression, suppressed the expression of genes involved in canonical and noncanonical TGF-signaling and reduced inflammation and pulmonary fibrosis, resulting in prolonged survival [117] . Neutralizing antibodies against TGF-inhibited both the radiation-induced reduction in clonogenicity of rat lung fibroblasts and the radiationinduced terminal differentiation of progenitor fibroblasts (MF) to post-mitotic fibrocytes (PMF) [118] . SB203580 and WP631 inhibited the Smad signal transduction pathway, abrogated the excessive proliferation and reduced the expression of p21 (WAF1/CIP1) and PAI-1 (a TGF-/ Smadresponsive profibrotic gene [108] ) induced by gamma rays and TGF-1 [119] . MyD88 (a key intracellular adaptor for TLR signaling) regulates innate immunity and NF-Bactivated responses, attenuates long-term radiation-induced lung injury, and protects against fibrosis by mitigating chronic lung injury [120] . We determined that fluorofenidone (1-(3-fluorophenyl)-5-methyl-2-(1H)-pyridone, AKF-PD), a novel pyridone antifibrotic agent, reduced cardiac and kidney fibrosis by inhibiting CTGF (connective tissue growth factor) expression [121, 122] .
ROS
The presence of hypoxia in lung tissue after either single or fractionated irradiation is associated with the continuous macrophage-associated production of reactive oxygen/nitrogen species (ROS/RNS), leading to pulmonary tissue damage and fibrosis. Targeting chronic ROS/RNS production after radiation (RT) exposure with the long-term administration of catalytic manganese (Mn) porphyrin-based superoxide dismutase (SOD) mimetics reduces oxidative stress, tissue hypoxia, cytokine production, and lung injury. The recombinant protein SOD-TAT protects against radiation-induced lung injury in mice [123] . Molecular hydrogen (H 2 ) is an efficient antioxidant that diffuses rapidly across the cell membrane, reduces ROS levels and suppresses oxidative stress-induced injury in several organs [99] . The active metabolite of amifostine is a radical scavenger, and this drug has potential as a therapeutic for the treatment of radiation-induced lung damage [124] .
Targeting Cell Death
Numerous studies have documented the role of TNF-in fibrotic disease [125, 126] . It is generally accepted that TNF-is a key mediator in the pathogenesis of postradiation lung injury and causes cachexia, tissue damage and irreversible shock effects. Therefore, fibrotic injury could be prevented with anti-TNF antibodies. Recently, there has been a growing interest in the potential of the TNF-soluble receptors I and II as inhibitors of normal tissue injury caused by radiation or chemotherapy [127] . The antifibrotic activity after lung injury of gene constructs that encode soluble c-II and TNFR-I was tested in vivo by local gene delivery [128, 129] .
Targeting Inflammatory Cells
It has been suggested that restoring the immunological balance represents an important therapeutic intervention strategy to treat post-radiation lung injuries. Glucocorticosteroids are beneficial in many irradiated organs and tissues [130] . The neutrophil elastase inhibitor Sivelestat significantly decreased collagen deposition and neutrophil accumulation in the lung parenchyma and improved the static lung compliance of injured lungs [131] .
CONCLUSIONS AND PERSPECTIVES
In summary, there are numerous cells, mediators and signaling pathways that are involved in the initiation and progression of RILF, suggesting multiple potential complex mechanisms for the prevention and treatment of this disease. Novel sensitive and reliable biomarkers for the diagnosis of RILF in cancer patients have yet to be validated, especially those that predict the early phase of pulmonary injury after different radiotherapy regimens [132] . Elucidating the mechanisms of radiation-induced inflammatory responses may enable the identification of sensitive circulating plasma markers that are easy to detect and effective targets for the prevention and/or treatment of RILF in lung cancer patients.
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